Introduction
Detonation nanodiamonds (DNDs) are nanoparticles produced by detonation of explosive carbon materials. These compounds are characterized by a stable inert core, an octahedral symmetry, a rigid structure, the ability to form hydrogels, and a reactive surface area. 1, 2 Since DNDs have been demonstrated to be highly biocompatible, non-cytotoxic, and easily penetrable to mammalian cells, they represent excellent tools for biotechnological and medical applications. [3] [4] [5] Indeed, nanodiamonds (NDs), conveniently functionalized or not, have been employed as diagnostic probes, antimicrobial agents, tissue scaffolds, protein purification matrixes, fluorescent biolabels, delivery systems for biomolecules, ions, and drugs, biosensors, contrast elements for biological imaging, ingredients of health care products, and anticancer agents. [5] [6] [7] In particular, the successful use of DNDs in cancer treatment has greatly captured the attention of the scientific community. [8] [9] [10] [11] Although numerous plant compounds have been widely studied for their antitumor activities, [12] [13] [14] [15] to date only three papers describe the coupling of natural secondary metabolites with DNDs aimed at enhancing their bioavailability and bioactivity. The first of them illustrated the antimicrobial activity of menthol ((1R,2S,5R)-2-isopropyl-5-methylcyclohexanol)-modified ND particles. 16 The other ones, published by our research group, 17, 18 reported the functionalization of three different types of DNDs with citropten (5,7-dimethoxycoumarin) or quercetin (3,3′,4′,5,6-pentahydroxyflavone), the chemical characterization of these adducts, and their antineoplastic effects on mammalian cancer cells. On the other hand, the association of DNDs with stilbenes (ie, resveratrol), a class of plant polyphenols, was recently proposed, but not yet realized, for the treatment of some pathologies, considering the great anti-radical and cardioprotective properties of these molecules. 19 On the basis of our previous research, 17 in order to promote and support the possible biomedical use of plant drugs conjugated with NDs in cancer therapy, we investigated the exact molecular mechanism of action of DNDs coupled with citropten. Moreover, for the first time, we performed a study on citropten internalization kinetics and the evaluation of its concentration in mammalian cells after exposure to the pure or ND-functionalized drug.
Materials and methods

ND synthesis and drug loading
NDs (4-5 nm crystallite primary size) were purchased from the Federal Research and Production Center "ALTAI" (Russia) and processed following the strategy widely described by Gismondi et al 17 and in Reina et al. 18 In particular, for the present experiments, plasma-reduced NDs, obtained as briefly described next, were used. The reduction of the purified DNDs by atomic H was accomplished in a purpose-designed plasma-assisted chemical vapor deposition reactor, where the gas phase was excited by a dual-mode microwave (MW)/radio frequency (RF) plasma. 20 The two working frequencies were set at 2.45 GHz (MW) and 13.56 MHz (RF). The power of the RF and MW generators were fixed at 100 W. The chemical vapor deposition chamber was initially evacuated (to a pressure of 10 −6 mbar) and then high-purity hydrogen was fluxed up to a final process pressure of 2.5 mbar. Under such experimental conditions, the substrate resulted negatively biased at V b =250 V. Runs lasting 30 minutes were performed at T=150°C±5°C. The adducts with citropten (C; Sigma-Aldrich Co., St Louis, MO, USA) were prepared by an easy one-step synthetic protocol. Three milliliters of a 1.4 mM 5,7-dimethoxycoumarin solution in phosphate-buffered saline (PBS) was added to a ND dispersion (7 mg/1 mL PBS). The mixture was treated with pulsed ultrasound for 40 minutes. After removal of the supernatant, the solid products were purified from free molecules by cycles of PBS washing and centrifugation until a colorless supernatant was obtained. The obtained light gray-colored powder was finally collected in acetone and dried at room temperature for 24 hours. The total amount of molecules directly adsorbed on the surfaces of ND samples was measured ex post by UV-vis spectroscopy, following the procedure described by Gismondi et al. 17 As reported by Reina et al, 18 citropten essentially bound to NDs via low polar interactions (ie, p-p stacking), and the amount of the loaded drug was 3.2 µmol of C/mg of ND. In this work, naked and 5,7-dimethoxycoumarin-conjugated reduced DNDs are simply named ND and ND + C, respectively. All ND powders were resuspended in PBS solution for cell experiments.
cell culture and treatments
Murine melanoma (B16F10) cells were cultivated as reported by Gismondi et al. 21 Cells were treated for 6 hours, 8 hours, 24 hours, 48 hours, and 72 hours with ND or functionalized ND + C solutions at two different concentrations (125 µg/mL and 200 µg/mL of culture medium), chosen according to the most interesting and promising data obtained in our previous work. 17 Citropten resuspended in dimethyl sulfoxide (DMSO; Sigma-Aldrich Co.), in order to avoid the solvent concentration exceeding 0.1% during the treatment, was used at the final concentration of 400 µM and 640 µM for 6 hours, 8 hours, 24 hours, 48 hours, and 72 hours. Control cells were treated with DMSO (control for citropten) or PBS (control for ND samples) at the same volume of the respective treatment. Doxorubicin (DOX; Sigma-Aldrich Co.), a wellknown senescence inducer, was used at 0.2 µM for 72 hours. Phalloidin (PHL; Sigma-Aldrich Co.), a well-known inhibitor of actin depolymerization, was used at 12 µM for 72 hours.
citropten internalization kinetics and quantification
Cells were plated in 24-well plates and treated with 125 µg/mL of pure ND or ND + C for 0 hour, 6 hours, 8 hours, 24 hours, 48 hours, and 72 hours. The culture medium (1 mL) was collected and centrifuged at 13,000 rpm for 10 minutes to precipitate the NDs. The supernatant was spectrophotometrically (UVICON, Cary 50-Bio Varian) measured at 328 nm, the wavelength of maximum absorbance of the pure citropten, for the quantization of free C in the medium, while the pellet was resuspended in 1 mL of dimethylformamide (DMF, the appropriate solvent for citropten; Sigma-Aldrich Co.) and left under agitation for 24 hours in order to force the separation between the plant drug and ND. This last sample was then centrifuged at 13,000 rpm for 10 minutes to separate the ND residual from DMF containing ND-released citropten, which was analyzed at 328 nm. This purification was repeated twice, 
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citropten conjugated with nanodiamonds arrests B16F10 mitosis and all the absorbance outputs were added up to calculate the total quantity of C coupled with ND in the medium. On the other hand, cells were lysed in high-salt lysis buffer (100 µL), according to Gismondi et al, 22 resuspended in a final volume of 1 mL of PBS, and centrifuged at 13,000 rpm for 10 minutes. The supernatant containing free intracellular C was measured at 328 nm. The pellet containing intracellular NDs (functionalized or not with C) was resuspended in DMF for 24 hours under agitation to facilitate the dissociation of C and NDs. This procedure was repeated three times, and all the supernatants were collected after centrifugation at 13,000 rpm for 10 minutes and analyzed at 328 nm. Then, other cells were treated with 400 µM of pure C for 0 hour (actually 1 minute), 6 hours, 8 hours, 24 hours, 48 hours, and 72 hours and subjected to the same procedure as detailed earlier. Control cells treated with DMSO or PBS and ND (according to the case) were analyzed and used as blank samples for the respective measurements. In order to calculate the concentration of free and ND-released citropten in all media and cell samples, the absorbance values at 328 nm were directly compared with a calibration curve properly obtained using an adequate amount of pure C as standard. For the quantification of C concentration per single cell, the amount of plant molecules detected in the whole cell compartment was divided for the number of live cells present in the well. The count of cells was performed by a Neubauer modified chamber in a parallel well subjected to the same treatment of the sample under consideration.
Optical, confocal, and fluorescence microscopy
For morphological analysis, cell samples were directly observed in their plates with a Nikon Eclipse E100 optical microscope. To perform the confocal study, cells were prepared as reported by Gismondi et al. 17 Nuclear labeling was carried out by treating the cells for 5 minutes with propidium iodide (PI; Thermo Fisher Scientific, Waltham, MA, USA) 10 µg/mL. The samples were observed by a confocal laser scanning microscope (FV1000 Olympus IX81 Microscopy; Olympus Corporation, Tokyo, Japan, Shinjuku, Tokyo, Japan). PI was revealed in blue by laser excitation at 543 nm; NDs were detected after exiting them by a laser at 635 nm and collecting their reflection in the red channel; while citropten, showed in green, was observed performing a lambda scan with lasers at 405 nm, 543 nm, and 635 nm. During the analysis, different scans of consequent optical sections (0.5 µm) were carried out at 60× magnification combined with 3× optical zoom. Two-dimensional reconstructions were produced by processing cell images using the IMARIS software (Bitplane, Zürich, Switzerland). For fluorescence observations, cells were processed as for confocal analysis. In particular, after fixation and permeabilization, cells were also exposed to a blocking solution (fetal bovine serum 10% in BSA; Sigma-Aldrich Co.) for 1 hour, treated with mouse monoclonal anti-β-actin (anti-ACT) primary antibody (Santa Cruz Biotechnology Inc., Santa Cruz, CA, USA) for 1 hour, subjected to rhodamine TRITC-conjugated goat anti-mouse secondary antibody (Sigma-Aldrich Co.) for 1 hour, and finally stained with a 4′,6-diamidino-2-phenylindole dihydrochloride (DAPI; Sigma-Aldrich Co.) solution (60 µg/mL) for 5 minutes. Samples were observed by a Leica DMR microscope (Leica Microsystems, Wetzlar, Germany) provided with a Leica DFC 350 FX digital camera, an EBQ 100 isolated fluorescent lamp (Leistungselektronik Jena GmbH, Jena, Germany), UV/FITC/TRITC filters, and 40/63× objectives. The elaboration of the images and their merging were performed by the Leica Qwin Pro image analysis software.
cell growth study, trypan blue exclusion test, and senescence measurement Cell growth was measured by a 3-(4,5-dimethyl-thiazol-2-yl)-2,5-diphenyltetrazolium bromide kit (Sigma-Aldrich Co.) according to the manufacturer's instruction. Exclusion test to measure the cytotoxicity of the treatments was carried out as reported by Gismondi et al. 17 Senescence was analyzed using a specific staining kit (Sigma-Aldrich Co.): the senescent cells, colored in blue, were detected by microscopic observation.
Cytofluorimetric and real-time quantitative polymerase chain reaction analysis
Cell cycle analysis by flow cytometry was carried out as described by Gismondi et al. 23 For quantitative polymerase chain reaction (qPCR) investigation, after treatment the cells were harvested and the total RNA was extracted by the Pure Link RNA Mini Kit (Ambion; Thermo Fisher Scientific, Waltham, MA, USA). Then, cDNA was synthesized, PCR amplifications were performed, and the amount of mRNA for each gene was determined, as reported by Iadevaia et al. 24 In particular, the primer pairs used in the present work are extensively described in Figure S1 .
Western blotting
Proteins were extracted according to the protocol described by Serpinskaya et al, 25 with appropriate modifications. Briefly, The pellet presenting the F-actin form was resuspended in the Laemmli-SDS loading buffer and boiled for 5 minutes at 95°C to destroy the membranes and the cytoskeleton. Protein extracts were quantified, separated on polyacrylamide gel, and analyzed as reported by Gismondi et al. 23 Blots were first incubated with mouse monoclonal anti-ACT (Cell Signaling, Danvers, MA, USA) and mouse monoclonal anti-GAPDH (Merck Millipore, Billerica, MA, USA) primary antibodies, and then with horseradish peroxidase-conjugated anti-mouse antibody (Santa Cruz Biotechnology Inc.) in order to reveal protein signals.
statistical analysis
All the experiments were repeated at least three times, and the results are reported as mean ± standard deviation (SD) of the different independent measurements. Significance value was calculated by one-way analysis of variance test, using the PAST software (P-values 0.05 were considered significant).
Results
NDs coupled with citropten inhibit B16F10 tumor cell growth without inducing cell death
In order to investigate whether the association of the citropten to NDs could modify the bioactivity of the plant compound, the cellular effects induced by pure C were compared with those resulting from cell exposure to an equal concentration of its ND-conjugated form (ND + C). Measurements of drug loading on NDs were carried out to quantify the maximum concentration of plant molecules that could be released under the best conditions during ND + C treatment. In particular, cell exposure to 125 µg and 200 µg of ND + C/mL of culture medium corresponded to a cell treatment with 400 µM and 640 µM solutions of pure C, respectively, according to the drug loading efficiency reported in "Materials and methods" section and widely described by Reina et al. 18 By 3-(4,5-dimethyl-thiazol-2-yl)-2,5-diphenyltetrazolium bromide assay, the regulative effects of C, pure (ND), and functionalized (ND + C) NDs on B16F10 tumor cell growth were evaluated. According to the data obtained by Gismondi et al, 17 all the treatments were performed for 72 hours at two different concentrations (125 µg/mL and 200 µg/mL for ND samples and 400 µM and 640 µM for pure citropten, as described earlier). Appropriate controls using PBS for pure NDs, NDs for ND-conjugated forms, and DMSO for pure C were always carried out ( Figure 1A-C) . The results are reported as percentage variation of the cell number of the sample compared to its specific control (considered as unit, 100%). As shown in Figure 1A , ND (200 µg/mL) did not significantly modify the cell growth rate with respect to the control (CNT PBS). Compared to CNT DMSO, pure C at concentrations of 400 µM and 640 µM caused the reduction of cell amount by 87.7% and 91.6%, respectively ( Figure 1B ). Finally ( Figure 1C ), ND + C, used at 125 µg/mL and 200 µg/mL, respectively, reduced the cell proliferation by 47.4% and 57.2%, with respect to pure ND treatment at the maximum concentration employed in the experiment (200 µg/mL). The cytotoxicity of each sample was also estimated by counting the dead cells in the exclusion test. With respect to the control (CNT PBS), which showed a minimum toxicity (3.3%), the treatments with CNT DMSO, ND (200 µg/mL), ND + C (125 µg/mL), ND + C (200 µg/mL), C 400 µM, and C 640 µM, respectively, showed toxicity values of 7.3%, 5.2%, 8.8%, 18.1%, 53.3%, and 77% ( Figure 1D ).
Internalization kinetics and quantification of pure and ND-conjugated citropten in B16F10 cells B16F10 cells were treated for 0 hour, 6 hours, 8 hours, 24 hours, 48 hours, and 72 hours with 400 µM of pure citropten or with the corresponding amounts of its NDfunctionalized form (125 µg/mL). In the treatment with pure C (400 µM), the level of secondary metabolite detected in the culture medium after 0 hour, 6 hours, 8 hours, 24 hours, 48 hours, and 72 hours was 391 µM, 334 µM, 312 µM, 322 µM, 333 µM, and 363 µM, respectively. On the other hand, for the same times of treatment, the citropten concentrations found inside the cell compartment was equal to 0 µM, 60 µM, 82 µM, 75 µM, 62 µM, and 29 µM (Figure 2A were, respectively, 397 µM, 384 µM, 378 µM, 389 µM, 390 µM, and 389 µM. Otherwise, intracellular level of the drug was 0 µM, 11.67 µM, 11.74 µM, 6.25 µM, 3.62 µM, and 2.76 µM after treatments for 0 hour, 6 hours, 8 hours, 24 hours, 48 hours, and 72 hours, respectively ( Figure 2C ).
In this experiment, free citropten was also distinguished from the ND-conjugated one both in the culture medium and in the cell compartment. In particular, in the medium, the free C detectable was 15 µM, 335 µM, 320 µM, 343 µM, 333 µM, and 343 µM, while the concentrations of ND-coupled C (A and B) or ND + c (C-F). The c amount was measured both in the culture medium and the cell compartment (A and C). Metabolite concentration per cell was also quantified (B and E). For the treatments with ND + c, the levels of free and ND-functionalized citropten, respectively in culture solution and in cell compartment, were independently detected (D and F). results are expressed as concentration of citropten. The MTT assay (G and H) performed on B16F10 cells for 72 hours with PBs + DMsO, separated ND and c (125 µg/ml and 400 µM or 200 µg/ ml and 640 µM), and separated ND (pretreatment for 6 hours) + c (125 µg/ml and 400 µM or 200 µg/ml and 640 µM). cell growth was reported as percentage compared to the respective control, considered as 100%. all data are shown as mean ± sD of three independent experiments (P0.02 vs control for the experiments reported in A-F and P0.007 vs control for the experiments in G and H). Abbreviations: C, citropten; ND, nanodiamond; MTT, 3-(4,5-dimethyl-thiazol-2-yl)-2,5-diphenyltetrazolium bromide; PBS, phosphate-buffered saline; DMSO, dimethyl sulfoxide; SD, standard deviation; h, hour.
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citropten conjugated with nanodiamonds arrests B16F10 mitosis were 382 µM, 48 µM, 58 µM, 45 µM, 56 µM, and 45 µM, respectively, at 0 hour, 6 hours, 8 hours, 24 hours, 48 hours, and 72 hours of treatment ( Figure 2D ). On the other hand, after exposure to the plant metabolite for 0 hour, 6 hours, 8 hours, 24 hours, 48 hours, and 72 hours, respectively, the C concentration per cell was equal to 0 nM, 0.04 nM, 0.04 nM, 0.05 nM, 0.06 nM, and 0.09 nM ( Figure 2E ). In particular, inside each cell, corresponding to the same treatment times, free C levels were 0 nM, 0.035 nM, 0.038 nM, 0.027 nM, 0.032 nM, and 0.027 nM whereas the amounts of absorbed ND-linked C were 0.006 nM, 0.008 nM, 0.024 nM, 0.033 nM and 0.064 nM ( Figure 2F ). To verify whether the chemical conjunction between ND and C was necessary for the biological activity of the adduct, the previously described B16F10 cell growth was further analyzed after double treatment with separated ND (125 µg/mL or 200 µg/mL) and C (400 µM or 640 µM) ( Figure 2G ). Moreover, we carried out the same experiment after pretreating the cells with pure ND (125 µg/mL or 200 µg/mL) for 6 hours, which is the minimal time required for ND internalization in cells before the exposure to pure C (400 µM or 640 µM) ( Figure 2H ). The results showed how, compared to that with CNT (PBS + DMSO), the treatments ND and C (125 µg/mL + 400 µM), ND and C (200 µg/mL + 640 µM), ND (6 hours) and C (125 µg/mL + 400 µM), and ND (6 hours) and C (200 µg/mL + 640 µM) reduced the proliferation, respectively, by 84.3%, 84.1%, 82.8%, and 84.9%. Trypan blue test was also performed on these samples and the results indicated that all the current treatments were cytotoxic for B16F10 cells as well as pure C treatment (data not shown). Confocal analysis, shown in Figure 3 , confirmed the presence of the citropten molecules inside the cell cytoplasm after 72 hours of treatment with pure C (640 µM) or ND + C (200 µg/mL). In these images, the quantization of the green signal, which is directly proportional to the intracellular C amount, was notably higher in C-treated cells compared to those exposed to ND + C.
Investigation of (ND + c)'s possible effects on cell senescence, morphology, cycle, and differentiation By using a specific kit, the senescent cells were stained in blue to be detected by microscopy ( Figure S2 ). After 72 hours of treatment, in all the samples of CNT (PBS), CNT (DMSO), ND (200 µg/mL), ND + C (200 µg/mL), and C (640 µM) (respectively, Figure S2A -E), the number of senescent cells was extremely low, ranging between 0 and 2. On the other hand, cell exposure with DOX, a well-known senescence drug used as positive control, caused the induction of this phenomenon in ~95% of the total cells ( Figure S2F) . Our attention was then greatly captured by the peculiar phenotypes that B16F10, exposed for 72 hours to pure C (640 µM) ( Figure 4C ) or ND + C (200 µg/mL) ( Figure 4D ), showed at the microscopic analysis with respect to control cells treated with PBS solution ( Figure 4A ) or ND (200 µg/mL) ( Figure 4B ). In particular, C and ND + C treatments resulted in both a magnification of the cell dimension and the development of very long dendritic protrusions. Moreover, while The amount of cells in G0-G1, S, and G2-M phases was, respectively, 60.9%, 10.5%, and 28.6% for the CNT with PBS and 62.8%, 17%, and 20.2% for the ND (200 µg/mL) sample ( Figure 5A ). The same measurements were also carried out on ND + C (125 µg/mL) and ND + C (200 µg/ mL) treated cells. The results, shown in Figure 5B indicate that they presented, respectively, 59.1% and 57.4% of cells in G0-G1, 14.6% and 11.1% in S, and 26.3% and 31.5% in G2-M phases. Moreover, the percentage of cells in the cell cycle phases was estimated to be 57.9% (G0-G1), 12.4% (S), and 29.7% (G2-M) for the sample of CNT with DMSO; 
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citropten conjugated with nanodiamonds arrests B16F10 mitosis 67%, 11.4%, and 21.6% for the treatment with C (400 µM); and, finally, 71.7%, 10.8% and 17.5% for the C (640 µM) specimen ( Figure 5C ). Real-time PCR was carried out in order to monitor the mRNA levels of the principal genes involved in B16F10 differentiation or in cell cytoskeleton remodeling ( Figure S1 ). Compared to the control cells, pure ND (200 µg/mL) treatment did not produce particular changes in the transcriptional levels of the studied genes (data not shown). The quantity of mRNA for each gene was first normalized for the GAPDH housekeeping gene and then reported as percentage with respect to the ND (200 µg/mL) sample, which was used as control (100%) ( Figure 5D ). ND + C (125 µg/mL) treatment for 72 hours, compared to ND sample, induced an increase of 8.9%, 8.3%, 51.3%, and 23.8%, respectively, for microphthalmia-associated transcription factor (MITF), tyrosinase (TYR), cofilin-1 (COF), and ACT mRNAs, while it caused a reduction of 2.3%, 24.1%, and 30.1%, correspondingly, for growth-differentiation factor 3 (GDF3), vimentin (VIM), and ανβ3-integrin (INT) genes. No variation was detected for tyrosinase-related protein 1 (TRP), and β-tubulin (TUB) mRNA levels. Otherwise, with respect to ND treatment, cell exposure for 72 hours with ND + C (200 µg/mL) showed an enhancement of MITF, TYR, TRP, GDF3, COF, TUB, and ACT mRNA levels, respectively, of 1.7%, 11.8%, 7.6%, 2.2%, 54.1%, 1.1%, and 12.6%. At the same time, this treatment also resulted in a reduction of 33.8% and 36.1%, respectively, of VIM and INT gene transcription.
citropten-functionalized NDs interfere with cell mitosis by altering actin organization
ACT and the DNA of B16F10 cells were labeled, respectively, in red (by a specific anti-ACT antibody) and in blue (by DAPI) to examine whether the various treatments could induce some modifications on cell actin organization. The immunofluorescence, reported in Figure 6 , clearly shows a normal distribution pattern for the ACT in CNT (Figure 6A ), ND (200 µg/mL) ( Figure 6D ), and C (640 µM) ( Figure 6O ) samples. Moreover, in these specimens, of particular interest was the easily detectable intensification of the red signal on the nuclear region. Indeed, on the contrary, ND + C (200 µg/mL) treated cells ( Figure 6G , low magnification, and 6L, high magnification) did not present a similar high concentration of ACT in the proximity of the nuclei although it was widely distributed in the cytoplasm. Finally, the treatment with PHL ( Figure 6R ), a well-known inhibitor of cell actin depolymerization, resulted in a strong rounding of the cell structure and an accumulation of ACT, probably in filamentous form, on the nuclear area. In this context, the most important result was obtained by DAPI staining. Indeed, while in cells treated with CNT ( Figure 6B ), ND (200 µg/mL) ( Figure 6E ), and C (640 µM) ( Figure 6P ) the nuclear regions showed normal round shapes, in ND + C (200 µg/mL) samples ( Figure 6H , low magnification, and M, high magnification) ~30% of the total nuclei appeared blocked in mitosis. In particular, as is visible in Figure 6M , they seemed to be arrested during cell 
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citropten conjugated with nanodiamonds arrests B16F10 mitosis division with pro-metaphase chromosomes. A very similar nuclear phenotype was also individuated in B16F10 cells after treatment with PHL ( Figure 6S ). The merging of ACT and DAPI signals was also seen in all the samples ( Figure 6C , F, I, N, Q, and T). A specific protein extraction was performed to separate the cell filamentous (F) ACT from the monomeric one (G). Western blot analysis of ACT levels, normalized for the GAPDH amount, was carried out both on filamentous ( Figure 7A ) and monomeric ( Figure 7B ) fractions of each sample. With respect to the control (CNT PBS, considered 100%), F-actin level increased after 72 hours of treatment with ND (200 µg/mL), C (640 µM), CNT DMSO, and PHL, respectively, by 25.2%, 0.04%, 24.6%, and 142.6%, while it decreased in the presence of ND + C (200 µg/mL) by 58.1% ( Figure 7A and C) . On the other hand, the exposure of cells to ND (200 µg/mL), C (640 µM), CNT DMSO, and PHL for 72 hours resulted in, in that order, the reduction of G-actin concentration by 0.8%, 10.4%, 10.1%, and 75.4%, compared to control cells (CNT PBS, 100%); the treatment with ND + C (200 µg/mL) only induced an accumulation of G-actin of 52.4% (Figure 7B and D) .
Discussion
In this work, we decided to focus our attention on the analysis of the biological properties of plasma-reduced NDs conjugated with citropten (ND + C) on B16F10 murine melanoma cells. We demonstrated that pure ND treatment did not even minimally influence the tumor cell growth ( Figure 1A and C), confirming literature data, [3] [4] [5] and that the reduced proliferation rate of B16F10 due to pure citropten exposure was highly associated with cell death induction, while its ND-conjugated form did not result in any significant cytotoxicity although it inhibited cell proliferation ( Figure 1B and D). All these data clearly suggested that C coupled with ND was able to act on tumor cells by a different cell mechanism with respect to its pure form. In order to elucidate how β β β this phenomenon could happen and whether it was dependent on the amount of citropten present in the cells, the internalization kinetics and the intracellular concentration of the plant molecule in B16F10 cells were measured after treatment with the various samples. Spectrophotometric analysis performed on cells exposed to pure C for different times (0-72 hours) revealed that citropten introduced in the culture solution was initially absorbed in the cell compartment and then released again into the medium (Figure 2A ), probably after the drug's induction of cell death and consequent destruction of the cellular structure. Indeed, the pro-apoptotic effects of citropten are well documented in the literature. [26] [27] [28] [29] [30] [31] [32] In the cited works, the antiproliferative effects of the plant molecule on tumor cells due to the alteration of specific signal transduction pathways, such as those of mitogenactivated protein kinase (MAPK) and PI3K/Akt (important in cancer survival and proliferation), suggested the use of citropten as a potential chemotherapy drug. On the other hand, the quantification of C levels per cell ( Figure 2B ), which rapidly increased up to reach a sort of plateau at 48-72 hours of treatment, corroborated the finding that the plant molecules were accumulated in the cell cytoplasm but not metabolized during the time. Indeed, the citropten reexcreted into the medium did not show a different absorbance spectrum with respect to its initial form. Finally, the nanomolar level (0.2-1.2 nM) of C measured in single cells indicated how this molecule presented a low cell bioavailability compared to the initial treatment concentration (400 µM). This result, in association with previous cytotoxicity data, suggested that, in spite of its low bioavailability, citropten was able to induce apoptosis even at very low doses. On the contrary, after exposure to the ND + C solution, the amount of citropten detected in the whole cell compartment ( Figure 2C ) and in each distinct cell ( Figure 2E ) was less (0.02-0.1 nM) than that detected after the previous treatment with pure C. Indeed, the major fraction of citropten was always identifiable in the culture solution ( Figure 2C ), probably because the release mechanism between ND and functionalized molecule was highly influenced by the pH value and protein concentration of the cell culture medium. 33, 34 In particular, we observed that the most citropten was rapidly released from the NDs in the medium ( Figure 2D ). On the other hand, we observed how the level of free C in each cell cytoplasm was maintained constant during the exposure time course while its ND-coupled form increased in concentration ( Figure 2F ), supporting the idea that ND, through a not-yetknown mechanism, was able to inhibit/modulate the continuous uptake of free citropten into the cells. In addition, the reduced amount of free citropten detected in (ND + C)-treated cells is responsible for its inability to activate apoptosis with respect to B16F10 exposed to pure C. Confocal microscopic investigations (Figure 3 ) confirmed the presence of citropten inside the cell compartment and its different concentrations in C and (ND + C)-treated cells, which were in conformity with our previous observations. Moreover, in the ND + C sample, merging the image between ND and C cell disposition visibly showed the presence of the plant metabolite in areas where the ND was absent, demonstrating the existence of free C in the cytoplasm. The occurrence of free C in the cytoplasm of (ND + C)-treated cells prompted us to examine whether the functionalization between the plant molecule and ND was absolutely indispensable for the activation of its antiproliferative properties on B16F10. Cell growth and cytotoxicity assays performed after double treatment with separate ND and C ( Figure 2G ) or pretreating the cells with pure ND for 6 hours before the exposure to pure C ( Figure 2H ) established the necessity of the chemical conjugation of the citropten to ND to carry out its peculiar bioactivity, namely inhibition of cell growth without toxicity. Since we demonstrated that citropten functionalized with ND was not able to induce cell oxidative stress, toxicity, and apoptosis as the pure C treatment, 17 in the present work we investigated the specific molecular mechanism underlying the inhibition of B16F10 cell growth after exposure to the ND + C sample. We excluded the well-known phenomenon of senescence, 35 since the number of senescent cells detectable after ND + C treatment was nil ( Figure S2 ). During this analysis, the microscopic observations showed how the phenotypes of ND + C and C cell samples were very peculiar in profile and dimension with respect to the various controls ( Figure 4 ). In particular, while in C-treated cells the nuclear regions appeared highly condensed, which is a typical feature of a trigged apoptotic process, 36 the ND + C specimen was characterized by a fundamentally round shape from which extremely thin dendrite-like structures grew, similar but not totally identical to differentiated B16F10 cells. 37 We continued then with the cell cycle analysis (Figure 5A-C) . Although pure ND treatment, compared to the control, resulted in a small accumulation of the cells in the S phase, it could not be considered significant since the same sample did not even minimally result in any alteration of the cell proliferation rate or toxicity. On the contrary, ND + C induced, in a dose-dependent manner, considerable cell cycle arrest in the G2-M phase, justifying the correlated inhibition of cell growth. The most interesting results were obtained with cells exposed to pure C; the plant compound strongly 
569
citropten conjugated with nanodiamonds arrests B16F10 mitosis caused a G0-G1 phase arrest, as documented well in the literature, 26 indicating that citropten conjugation with ND changed its effect on the cell cycle. All these results suggested the possibility that ND + C could induce differentiation in B16F10. In order to clarify this hypothesis, the mRNA levels of the principal genes involved in murine melanocyte differentiation (MITF, GDF3, TYR, and TRP) were monitored ( Figure 5D ), but no significant change was detected, excluding the probability that NDs coupled with citropten had properties of differentiation. However, the abnormal phenotypes produced by ND + C treatment suggested that a specific mechanism of cell shape remodeling had been activated. For these reasons, the amounts of the transcripts of cytoskeleton-associated genes (VIM, INT, COF, ACT, and TUB) were measured by qPCR ( Figure 5D ). We found that VIM and INT gene expressions were reduced in B16F10 cells after treatment with ND + C. It could be explained because these genes, which regulate cell motility, proliferation, differentiation, and apoptosis, are highly interconnected. 38 This result appeared very interesting since VIM, a type III cytoskeletal intermediate filament essential for the creation of the scaffold that allows actin to carry out its work during the mitosis, could be strongly connected to the cytoskeleton organization. 39, 40 Moreover, we also observed a great upregulation of COF mRNA synthesis ( Figure 5D ) whose product is a key protein that promotes F-actin depolymerization, providing actin monomers (G-actin) to the cytoplasmic pool. 41 Since qPCR analysis clearly indicated that the bioactivity of citropten-conjugated NDs on B16F10 cells was strongly linked to the cytoskeletal organization and to actin remodeling, immunofluorescence analyses were performed to monitor actin and DNA intracellular disposition ( Figure 6 ). ND-associated citropten was able to alter the correct actin distribution around the nucleus, which is a cytoskeletal feature which in normal cells is indispensable for the occurrence of mitosis. 42, 43 Moreover, ND + C cells only showed a great percentage of pro-metaphasic nuclei, suggesting that the mitotic process was slowed down or inhibited at that stage. B16F10 cells treated with PHL, a fungal bicyclic heptapeptide able to bind F-actin and prevent its depolymerization, 44 showed, as with the ND + C sample, altered cell morphology, irregular actin distribution, condensed chromosomes, and mitotic arrest. The similarity of these phenotypes suggested the possibility that ND + C treatment could influence cell actin organization. On the other hand, in the ND + C sample the existence of some nuclei with a normal phenotype could be due to the fact that these cells probably had not yet entered the mitotic process or that the citropten-ND adducts had not yet reached their target in the cytoplasm. Finally, cell F-and G-actin were separated and detected ( Figure 7) . We observed that PHA treatment, as expected, resulted in an accumulation of F-actin and a consequent reduction of G-actin concentration. On the other hand, to our great surprise, the (ND + C)-treated cells showed the contrary effect: F-actin levels were reduced in favor of those of G-actin. This result showed that NDs coupled with citropten would have acted on B16F10 cells as inhibitors of actin polymerization, promoting the accumulation of its monomeric form. This event was also in concert with our previous cytofluorimetric evidence; indeed, in the literature it was reported how actin depolymerization arrested yeast cells in the G2-M phase by preventing their nuclear division. 45 Velasco-Velázquez et al 46 demonstrated that the coumarin derivative 4-hydroxycoumarin was able to disorganize cytoskeletal actin in B16F10 melanoma cells without altering its gene expression. Moreover, recently it was shown 47 that the fluorophore coumarin-6 coupled with solid lipid nanoparticles was able to penetrate in A30 human alveolar cells and spread out in the cytoplasm depending on the actin cytoskeletal structure, suggesting the possible physicochemical affinity and the consequent direct interaction between coumarin compounds and actin. All these evidences confirmed our results and encouraged us to propose the following action model of ND + C treatment in B16F10 cells ( Figure S3 ): NDs regulate the internalization of citropten in the cells, allowing C to reach low intracellular concentration not sufficient to induce apoptosis. The ND + C chemical adduct interacts with monomeric actin and sequesters it from the cytoplasmic pool. The low intracellular level of available G-actin causes the continuous depolymerization of F-actin. 48 Since the newly synthesized monomers are similarly trapped by ND + C, in order to recover the lack of free actin, the transcription of COF mRNA is enhanced. However, this rescue process is insufficient and, consequently, the transcription of the principal interactor of the F-actin, VIM, and its partner INT is reduced. At this point, actin disorganization causes the mitotic arrest in the G2-M phase. In particular, it occurs immediately before the metaphase since at this specific step the VIM presence and a high quantity of F-actin are essential for the separation of duplicated chromosomes at the spindle poles, as widely reported. 40 The most important result of the present work was the discovery that the conjugation of NDs with citropten changed the proapoptotic property of the pure secondary metabolite in antimitotic activity. This antitumoral mechanism, induced by the use of ND as a plant drug carrier, could extraordinarily reduce the adverse effects that the actual toxic chemotherapies (ie, cisplatinum) usually inflict on healthy tissues. Indeed, it would limit the drug's bioactivity only to tumor cells, characterized by uncontrolled proliferation, excluding the differentiated ones that are mitotically inactive. According to all these evidences, the current study can be considered a piece of promotional research that encourages and supports the application of bioactive natural molecules coupled with NDs for antineoplastic therapeutic purposes. hexagons, triangles, and half circles symbolize ND, citropten, and β-actin monomers, respectively. The chains of these last elements are the F-actin. In (A), the cell can complete the anaphase and the levels of g and F-actin are balanced (as indicated by the two arrows of similar thickness), while in presence of ND + c (B) the nuclei remain in prometaphase, as indicated by the overlapping chromosomes present in the nuclear region, and actin equilibrium is moved toward the monomeric form. In this last condition, indeed, the incapacity to build filamentous actin structures, probably due to the capture of g-actin by ND + c adducts, inhibits the mitotic process and the separation of the duplicated genome. Abbreviations: ND, nanodiamond; C, citropten; Cyt, cytoplasm; Nuc, nuclear region; Ev, endocytic vesicles; ExC, extracellular compartment.
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